The population in the Englishman River Watershed (ERW) in Parksville, BC is over 50% reliant on groundwater. Increasing development pressures have raised local, provincial and federal government concerns over sustainability of water resources. The Englishman River is viewed as a significant water source to support future growth and economic development. Managing long-term sustainable use of water resources of this watershed is imperative for both ecologic health and economic prosperity. As water demand pressures grow, sustainable water management requires knowledge of the degree of surface water-groundwater (SW/GW) interaction within a watershed. Geochemical methods can provide valuable information on seasonal aquifer contribution and SW/GW interactions. Developing geochemical tools that can place constraints on these complex systems will aid development of hydrogeological models, which can be used to support decision makers in water allocation.
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Introduction
Project Rationale
The purpose of the Englishman River study is to assess the nature and extent of surface water-groundwater interaction in the Englishman River Watershed on Vancouver Island, southern British Columbia, using geochemical and isotopic parameters. Increasing population, development, existing industrial and commercial land use practices, combined with the impacts of changing climate puts sustainable water resource supplies at risk. The river provides a significant source of drinking water to the city of Parksville (~11,000 inhabitants) and nearby local communities and has immense value to fisheries, with chinook, chum, coho, sockeye and pink salmon; cutthroat, rainbow, and steelhead trouts all present at some point in the river during the year (FISS, 2006) . The Englishman River has been identified as having recurring inadequate water flow that affects fish populations according to the Fish Protection Act (FPA) (FISS, 2006; Barlak et al., 2010) .
Previous Work
There are currently? no peer-reviewed publications on the geochemistry or hydrogeology of the ERW. Initiatives from the BC Ministry of Environment were undertaken to assess surface water quality within the watershed (Barlak et al., 2010) . The purpose of the study was to accumulate baseline data necessary to assess the current state of the river water quality, establish ambient water quality objectives, and provide future monitoring recommendations (Barlak et al., 2010) . Mid Vancouver Island Habitat Enhancement Society (MVIHES) is a community organization, which worked in conjunction with GW Solutions Consulting to assess the extent of surface watergroundwater interaction within the ERW. The report (Wendling, 2012) reveals that increasing interaction between groundwater and surface water occurs as you move downstream. It was also shown that bedrock aquifers within the watershed provide 30 to 40% of the baseflow in dry summer months.
Objectives
The objective of the Englishman River study is to provide a comprehensive? geochemical analysis of the ERW. The sub-objectives include: to determine the sources of solutes in both surface water and groundwater, to identify rock-water interactions, and to provide valuable geochemical information that can aid in current attempts to assess the extent of surface water-groundwater interaction within the watershed. (Barlak et al., 2010) .
Climate
Vancouver Island is considered a subtropical and temperate rainforest environment and is part of the temperate rainforest of Cascadia, a bioregion defined by the watersheds of the rivers flowing into the Pacific Ocean through North America's temperate rain forests (Environment Canada, 2012a Hudson (2000) revealed through studies on the south coast of BC that between 0-300, 300-800, and above 800 m.a.s.l. correspond to the rain dominated, rain on snow, and snow dominated zones respectively. Approximately 30% of the ERW lies within the rainfall dominated zone, 60% in the rain on snow zone, and only 10% in the snow dominated zone. Therefore, the ERW is a rain driven hydrologic system, influenced by heavy rainfall in fall and winter months and a dry summer season ( Figure 1 ; Wade et al., 2001; Environment Canada, 2012a) . 
Bedrock Geology
The East-central coast of Vancouver Island is underlain predominately by the Nanaimo group, which is Upper Cretaceous in age with a total thickness close to 5000 m (Fyles, 1963; Mustard, 1994) .
The Nanaimo group is characterized by a series of alternating layers of conglomerate, sandstone, siltstone, and mudstone sediments deposited mostly under marine conditions, largely as submarine fans, offshore from coastal shelf deposits (Mustard, 1994) . The remaining bedrock within the study area is from the Wrangellia Terrane, which is most commonly characterized by widespread exposures of Triassic flood basalts and complementary intrusive rocks (Jones et al., 1977 breccias, and breccias interbedded with massive flows and sills (Massey et al., 1995) .
These sequences are predominantly extrusive, marine sequences locally exceeding 6000 m in thickness.
The Quatsino Formation is characterized by massive, thickly bedded, black (which does not outcrop in the study area), and form intrusions, which are dominantly equigranular quartz diorite to granodiorite, rich in mafic inclusions (Massey et al. 1995; Massey and Friday, 1987) .
Sicker and Buttle Lake Groups of the Wrangellia Terrane underlie the study area to the Southeast and outcrop in areas of Mt. Arrowsmith. The Sicker and Buttle Lake
Groups are the oldest rocks of Vancouver Island and range from Middle Devonian to
Lower Permian in age. The Devonian Sicker Group is a thick package of lower greenschist facies, metavolcanic and volcaniclastic rocks that formed in an oceanic island environment (Massey et al., 1995) . The Buttle Lake Group is characterized by epiclastic and bioclastic limestone sedimentary sequences ranging from Mississippian to Early Permian in age (Greene et al., 2004; Massey et al., 1995; Massey and Friday, 1987) .
Surficial Geology
The glacial history of Vancouver Island was affected by at least three glaciations.
Surficial deposits from the Pleistocene include the Quadra Sands, which are described as glacio-fluvial sands, and the Vashon Drift, characterized as glacial tills (Clague, 1977; Fyles, 1963) . The Holocene deposits are comprised of marine, fluvial, and lacustrine deposits relating to prior sea levels called the Capilano Sediments and as well as Salish sediments relating to deposits during present sea levels (Fyles 1963; Howes, 1983) .
Salish sediments make up the surficial sediments of the easternmost coast, where the Englishman River discharges into the Straight of Georgia. The Quadra Sands are found outcropped in small areas North and South of the Englishman River but are a dominant lithology of the aquifers within the study area (Fyles 1963; Howes, 1983) . The Quadra Sands are described as well sorted, distinctive white sands that can exceed 75 m in thickness. The sands are characterized as remarkably uniform, with horizontal stratification and extensive cross bedding (Fyles 1963; Clague 1977) .
Hydrogeology
There are six aquifers within the ERW, which have been mapped with the BC Aquifer Classification System (Kreye et al., 2001) . Bedrock and surficial geology mapping, well lithology records, and hydrogeological reports were used to delineate aquifer boundaries. The aquifers are further classified based on their level of development and vulnerability to contamination from the surface (Kreye et al., 2001) .
Three aquifers in the ERW are shown to be at risk due to dropping groundwater levels and/or localized contamination, and four aquifers within the watershed are classified as moderately vulnerable (Table 2 ; Kreye et al., 2001 ).
Four of the six aquifers within the ERW consist of unconsolidated, surficial sediments (three consisting of Quadra Sand and one of Salish Sediments) and two consist of fractured bedrock from the Nanaimo Group (Table 2 ; BC Ministry of Environment, 2012). The highest yielding wells are those completed within sand, gravel glacial outwash, post-glacial fluvial deposits, as well as those completed in major faults or fractures in bedrock (Yorath, 2005) . Unconfined aquifers consisting of coarse surficial sediments are those with the highest vulnerability to contamination (Denny et al., 2006) .
Main characteristics of sll six aquifers within the ERW are presented in Table 2 . Note that only the 4 km 2 aquifer #0221 was classified by the province as highly vulnerable. The MOE BC has a voluntary program for water well drillers to submit a well report, which is available on the WELLS database (Denny et al., 2006) . There are over 250 wells in the provincial database that are located within the ERW; although the number of wells is likely much higher. Well reports outline details such as well location, depth, lithology, and an estimate of flow rate. Without mandatory submission governed by the MOE, accurate aquifer demand estimates prove to be difficult (Kreye et al., 2001 ).
Hydrology
There are seven lakes in the watershed: Arrowsmith, Fishtail, Rowbotham, Healy, Shelton, Marshall, and Hidden lakes. The Englishman River originates from Arrowsmith Lake on Mt. Arrowsmith, which is used as a reservoir for the Arrowsmith dam. The dam has a live storage volume of 9 000 000 m 3 of water and stores heavy winter rain and melting snow. During the dry season (summer and early fall), 50% of the storage volume is available for release into the river (Boom and Bryden, 1994) . (Figure 3 and 4; ).
Analyzing the hydrometric data, maximum discharge rates occur during November, when precipitation is typically greatest, and during March when snowmelt contributes to discharge. Minimum discharge rates typically occur during late August and September when precipitation is minimal (Figure 3 and 4 ; Environment Canada, 2012a,b,c) . Water was collected for cation, anion and alkalinity measurements. All samples were vacuum filtered in the field through a 0.45 µm cellulose acetate filter and containers were filled to overflowing, creating a positive meniscus, ensuring minimal exposure to atmospheric oxygen. Treatment of the samples and the volume of the containers used for collection depend on the analysis. Cation, anion, and alkalinity samples were collected in 125 ml Nalgene bottles, pre-rinsed with sample water. The cation samples were acidified using concentrated nitric acid. All samples were quickly sealed and refrigerated at 4 °C until analyzed.
Analytical methods and techniques
Alkalinity, cation, trace elements, and anion analyses of samples were conducted at the Geological Survey of Canada Laboratories in Ottawa. Anions were measured using Ion Chromatography (IC-110). The cations were measured using Inductively Coupled
Plasma emission spectrometry (ICP-ES).
Duplicate samples of cations, anions, and alkalinity were analyzed by the Applied (Table 3) .
Groundwater
Ca, Na, K, and Mg concentrations of groundwater samples had average values of 18.1, 16.1, 0.580 and 6.10 mg/L respectively. Cation concentrations are much more variable in groundwater samples as compared to surface water samples with standard deviations of 14.1, 33.4, and 6.00 mg/L for Ca, Na, and Mg respectively. Cation concentration is highly dependent on the aquifer medium and residence time. Varying well depths (2 to 60 m) and aquifer lithologies also explain the variation seen in the groundwater samples (Table 4) . (Table 5 ).
Cl, HCO 3 , SO 4 , and NO 3 concentrations of groundwater samples had average values of 14.4, 96.0, 4.37 and 1.28 mg/L respectively (Table 6 ). Anion concentrations are highly variable in groundwater samples with standard deviations of 28.8, 77.6, 3.78, and 3.94 mg/L for Cl, HCO 3 , SO 4 , and NO 3 respectively (Table 6 ). The observed variability is due to varying well depths aquifer lithologies. 
Combined Cations and Anions
Surface Water
Data from 98% of the surface water data depict water types ranging from Ca-HCO 3 -Cl to Ca-HCO 3 , where 2% are Na-Cl water type ( Figure 5 ). The two water samples displaying a Na-Cl water type are located in close proximity to the estuary, suggesting mixing of seawater. Temporal variation in the surface water is observed;
summer 2010 depicts a water type of Ca-HCO 3 -Cl, where in Fall 2010, Spring 2011, and
Fall 2011 a Ca-HCO 3 water type is observed.
Groundwater
The groundwater data display highly mineralized water with large variability when compared to surface water samples ( Figure 6 ). Of the groundwater samples, 86%
have a Ca-Mg-HCO 3 -Cl water type, where 10% and 4% have a Na-HCO 3 and Ca-Na-HCO 3 -Cl water type respectively. 
